ABSTRACT. Extracellular matrix components (ECMs) in histological sections of the kidney cortex from the rats with adriamycin (ADR)-induced nephropathy (5 mg/kg, i.v.) were quantified by an immunohistochemical micromethod. Changes in kidney histopathology and urine and blood biochemistry were investigated. Enlarged kidneys were granular on the surface and pale in color in ADR-treated rats, and these rats had kidneys with glomeruli with expanded mesangial area and with capillary aneurysm. Severe albuminuria, hypoalbuminemia, hypercholesterolemia and disorders in other nephrotic parameters were observed in ADR-treated rats. Type I and IV collagens, fibronectin and laminin contents in the renal cortex of ADR-treated rats at 10 weeks were 329, 317, 263 and 295%, respectively, higher than in each vehicle control, and those at 28 weeks were 1,211, 930, 1,057 and 1,012%, respectively. The glomerular sclerotic abnormalities progressed in a time-dependent manner. Moreover, there was a strong correlation between the ECM levels and serum creatinine and blood urea nitrogen levels. In conclusion, microquantification provided useful information for accurate diagnosis and prognosis of nephrotic lesions and is a good tool to assess the advancement of renal disorders in patients with nephropathy.
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J. Vet. Med. Sci. 63(2): [125] [126] [127] [128] [129] [130] [131] [132] [133] 2001 Adriamycin (ADR) is a commonly used antineoplastic antibiotic. In experimental animals, ADR has nephrotoxic actions and produces chronic progressive glomerular disease [2, 15, 16] . In rats with ADR-induced nephropathy, heavy proteinuria associated with loss of glomerular polyanion, focal fusion of foot processes and swelling as well as vacuolation of epithelial cells have been reported in shortterm experiments [1, 24] . Severe renal damage, extensive glomerular lesions, tubular dilatation and stromal fibrosis have been observed in long-term studies [5, 15] . These experiments indicated that ADR-induced nephropathy has chronic and self-perpetuating, leading to terminal renal failure in chronic renal diseases.
As the accumulation of extracellular matrix (ECM) components in the kidney cortex, mainly in the glomerulus, plays an important etiological role in chronic progressive nephropathy [9] , histopathological evaluation of ECM accumulation in kidney biopsy sections is essential to render an accurate diagnosis. However, conventional histopathological estimation is not quantitative, and conventional biochemical methods available for measuring the ECM content require large tissue samples (at least 100 mg of wet tissue) and are not sensitive enough for precise diagnosis [4, 10, 17] . Previously, we developed a new immunohistochemical micromethod for accurate quantification of ECMs in histological sections of normal rat kidneys [13, 14] . This micromethod is based on the enzyme-linked immunosorbent assay (ELISA), and frozen tissue sections mounted on glass slides are used as models of the antigen-precoated wells of ELISA plates [13, 14] . The micromethod is sensitive enough for quantification of ECMs in very small tissue samples such as biopsies, and makes it easy to quantitatively and objectively evaluate the ECM accumulation in histologic sections. Moreover, the tissue structure is well preserved during measurement in this micromethod.
The aim of the present study was to evaluate the usefulness of the microquantification method for histopathological diagnosis of renal failure using sections of the kidney cortex from rats with the experimental nephropathy induced by ADR injection.
MATERIALS AND METHODS

Animals and tissue preparation:
Forty eight male Lewis rats (8-week-old) purchased from Charles River Japan (Kanagawa, Japan) were used. Nephropathy was induced by intravenous injection of ADR (Sigma Chemical Co., St. Louis, MO, U.S.A.) at a dose of 5 mg/kg body weight. In the vehicle control group, isotonic saline was given instead of ADR. After injection, the rats were kept for 10 or 28 days with access to tap water and a standard diet ad libitum in an air conditioned room (22 ± 1°C and 50 ± 5%) under a 12 hr light/dark schedule. All animals received humane care as outlined in the "Guide for the Care and Use of Laboratory Animals" (Kyoto University Animal Care Committee according to NIH #86-23; revised 1999). Eight rats in each group were sacrificed on week 0, 10 or 28 after injection. For clinical biochemical analyses, urine samples during the 24 hr before sacrifice (24 hr urine samples) were collected, and blood samples were obtained from the cervical vein under ether anesthesia. The animals were sacrificed under deep ether anesthesia, and then the kidneys were rapidly removed. One kidney was immediately fixed in 10% neutral-buffered formalin (pH 7.4) for conventional histopatho-logical evaluation, while the other was frozen in dry iceisopentane mixture for immunohistochemical measurement of ECMs.
Clinical biochemistry: As previously reported [20, 22, 23] , 24 hr urine and serum samples were examined on the basis of the following biochemical parameters to evaluate nephrotic state. Urinary and serum albumin (uAlb and sAlb, respectively) levels were measured by a bromo-cresol green method using an A/GB test kit (Wako Pure Chemical Co., Osaka, Japan). Serum creatinine (sCr) and blood urea nitrogen (BUN) levels were measured by Jaffé's method with a creatinine test kit (Wako) and by the urease indophenol method with a nitrogen-B test kit (Wako), respectively. The serum total cholesterol (sTC) level was determined by an enzymatic method with a Cholesterol-E test kit (Wako).
Histopathology: After formalin fixation, the kidney samples were dehydrated through a graded ethanol series and embedded in Histosec (Merck Co., Darmstadt, Germany). Sections 3 µm thick were prepared on a microtome, mounted on glass slides precoated with 3-aminopropyltriethoxysilane (Aldrich Chemical, Milwaukee, WI, U.S.A.), deparaffinized with xylene and rehydrated through a graded ethanol series. For conventional histopathological evaluation, some of the sections were stained with hematoxylin and eosin, or periodic acid-Schiff reagent (PAS) for alteration of basement membrane. The extent of glomerulosclerosis was expressed as the degree of collagen deposition, which was assessed on sections stained with Sirius red F3B solution (saturated picric acid in distilled water containing 0.1% Sirius red F3B; BDH Chemicals Ltd., Poole, UK) [12] . All slides were mounted with Entellan (Merck) and examined by light microscopy; at least three sections were examined per rat. A semiquantative score was determined to evaluate the degree of glomerular sclerosis, according to Okuda et al. [15] . Briefly, histopathological evaluation was made independently by two pathologists without prior knowledge of the experimental groups. In each kidney specimen, approximately 50 glomeruli in cortical sections selected at random and juxtamedullary portions were examined. Each glomerulus was classified into two categories: normal (glomerulus without mesangial expansion) and lesion (expansion of mesangial area, capillary aneurysm and/or hypercellularity). The severity of the lesion was graded from -(0) to ++++ (4) according to the percentage of glomerular sclerosis; + (1), ++ (2), +++ (3) and ++++(4) indicated the involvement of 25, 50, 75 and 100% of the glomerulus, respectively. An injury score was obtained by multiplying the degree (0 to 4) by the percentage of the glomeruli with the same degree of injury (increase in mesangial material or glomerular sclerosis). The extent of the injury for each tissue specimen was then obtained by the addition of these scores. For instance, 5 of 20 glomeruli showed (1 degree of injury) and 5 of 20 glomeruli showed (3 degree of injury), the injury score of this kidney would be: ((1 × 5/20) + (3 × 5/20)) × 100 = 100. In addition, the morphological changes in the glomeruli (capillary aneurysm and hypercellularity), and tubular (cystic tubular dilation, epithelial cellular atrophy and intraluminal cast formation) and tubulointerstitial (tubulointerstitial expansion and mononuclear cell filtration around arterioles) lesions were recorded.
Histochemical quantification of ECM: The degree of ECM deposition in kidney sections is a good indicator of glomerular sclerosis. Type I and IV collagens, fibronectin and laminin levels in each frozen section of rat kidney cortex were measured by a microquantification method as previously described [12-14, 20, 22, 23] . Briefly, after preincubation with 10 mM NaN 3 and 100 mM H 2 O 2 diluted with phosphate buffered saline containing 3% bovine serum albumin (PBS-BSA) to inhibit the endogenous peroxidase activity, the slide was incubated with the appropriate first antibody; rabbit anti-rat type I collagen, IV collagen, fibronectin and laminin polyclonal antibodies purchased from Chemicon (Temecula, CA, U.S.A.), Chemicon, Sigma and ICN Pharmaceutical (Aurora, OH, U.S.A.), respectively, were diluted 1/100 with PBS-BSA. After washing with PBS containing 0.05% Tween 20 (PBS-Tw), the slides were incubated with second antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG antibody, 1/400 dilution with PBS-BSA) purchased from American Qualex (La Mirada, CA, U.S.A.). They were washed with PBS-Tw, each section (400 µl/section) was incubated with chromogenic substrate solution (30 mM phenol, 3 mM 4-aminoantipyrine and 2 mM H 2 O 2 in 50 mM Tris-HCl, pH 7.2). Twenty µl/section of 1 M NaN 3 was added to stop the enzymatic reaction, and then the mixed solutions were transferred into microcuvettes to determine the optical density at 450 nm using a spectrophotometer (Ultrospec 3000, Pharmacia Biotech, Uppsala, Sweden). The ECM content in each section was calculated. After measurement, the total protein and total collagen levels in each section were measured colorimetrically [20] . In brief, each section was rinsed in a 0.6% acetic acid solution for 10 min, washed with distilled water, and stained with 400 µl of the staining solution (a saturated solution of picric acid in distilled water containing 0.1% sirius red F3BA and 0.1% fast green FCF) for 2 hr. After 5 washes with distilled water, 1 ml of elution medium (absolute methanol containing an equal volume of 0.1 N NaOH) was applied to each section, and then the slide was incubated for 30 min. The elution medium was transferred to microcuvette, and the eluted color was read in the spectrophotometer at 540 and 630 nm. A negative control section incubated without first antibody was processed in each run. Each measurement was performed in triplicate. All incubations were carried out in dark moist chambers.
Immunohistochemistry: Immunofluorescence staining for ECMs was performed as previously described [2, 23] . Briefly, frozen thin and thick sections (5 and 20 µm thick) were cut on a cryostat for conventional and confocal immunofluorescence microscopy, respectively. The sections were mounted on 3-aminopropyltrimethoxysilane precoated slides, fixed with precooled acetone for 10 min at -80°C, and then incubated with the appropriate first antibody for 18 hr at 4°C. They were washed with PBS, incubated with flu-orescein isothiocyanate-conjugated goat anti-rabbit IgG antibody (American Qualex), and then the thin and thick sections were examined under a fluorescence microscope (BX50, Olympus, Tokyo, Japan) and with a confocal laser scanning microscope (Fluoview FV300, Olympus), respectively.
Statistical analysis: ANOVA with Fisher's least significant differences test comparison for biochemical data, and Wilcoxon's signed rank test for morphological estimation were carried out with the Statview-IV program using a Macintosh computer. Differences at a probability of P<0.05 were considered significant. All data are expressed as mean values ± SD.
RESULTS
Clinical parameters: Changes in body and kidney weights and clinical parameters are summarized in Table 1 . Body weight was increased to a lesser extent in the ADRtreated rats than in controls (372 ± 13 and 523 ± 7 g at 28 weeks after ADR administration, respectively). In both groups, kidney weight (mean weight of right and left kidneys) increased. However, relative kidney weight decreased in controls, but increased in the ADR-treated rats (0.27 ± 0.02 and 0.46 ± 0.04% at 28 weeks, respectively). In the control group, there were no significant differences in uAlb, sAlb, sTC, sCr or BUN between any time point examined, but severe albuminuria, hypoalbuminemia, hypercholesterolemia and disorders in other nephrotic parameters were seen in the ADR-treated rats. The amount of uAlb progressively increased and reached levels of 1248 ± 221 and 1393 ± 318 mg/day/rat at week 10 and 28, respectively. Significant decreases of sAlb (hypoalbuminemia; 2.80 ± 0.33 and 2.69 ± 0.30 mg/dl) with a marked increase in sTC (hypercholesterolemia; 377 ± 71 and 380 ± 120 mg/dl) were observed at week 10 and 28, respectively. At week 10, both BUN (42 ± 7 mg/dl) and sCr (1.12 ± 0.56 mg/dl) began to increase, indicating severe loss of renal function. At week 28, BUN and sCr (240 ± 131 and 3.55 ± 1.31 mg/dl, respectively) were increased significantly compared with controls (17 ± 1 and 0.41 ± 0.03 mg/dl, respectively). Thus, the nephrotic state progressed in a time-dependent manner in the ADR-treated rats.
Renal histopathology and ECMs levels:
In the ADRtreated rats, enlarged kidneys were granular on the surface and pale in color. The degree of glomerular sclerosis is summarized in Table 2 . Conventional histopathological examination revealed that most control rats had kidneys with normal glomeruli (3.8 ± 0.7, 4.6 ± 1.2 and 4.5 ± 1.1 degree at 0, 10 and 28 weeks, respectively), but all ADRtreated rats had kidneys with glomeruli with expanded mesangial area and with capillary aneurysm (4.1 ± 0.6, 54.1 ± 10.5 and 186.1 ± 17.1 degree at 0, 10 and 28 weeks, respectively). Expansion of the mesangial areas with an apparent increase in the mesangial matrix, appearance of cysts, extension of renal tubules were observed in the kidney sections of ADR-treated rats (Fig. 1) . Moreover, as compared with the kidney sections of ADR-treated rats at week 0 ( Fig. 2A) , progressed fibrotic change in the glomeruli was observed in the kidney sections of ADR-treated rats at 10 and 28 weeks. Briefly, in rats without ADR-treatment, no immunohistochemical reaction for type I collagen was detected in normal glomeruli and weak reaction was observed in the tubulointerstitum ( Fig. 2A) , and trace deposit of fibronectin was seen in glomeruli and the interstitium (data not shown). In the kidneys of ADR-treated rats, however, abundant deposits of interstitial components (type I collagen and fibronectin) were noted in expanded glomeruli and tubulointerstitial lesions, and such abnormalities progressed in a time-dependent manner ( Fig. 2B and C) . In kidneys of rats before ADR-treatment, trace deposits of basal membrane components (type IV collagen and laminin) were observed in glomeruli and the interstitium (data not shown). Deposit of type IV collagen progressively increased in the glomerular, especially expanded mesangial areas, and basement membranes of renal tubules, mainly extended tubules, of ADR-treated rat kidneys. In specimens stained for laminin, similar differences in immunofluorescence staining pattern were also observed between ADRtreated and control rats. Thus, glomerulonephritic and glomerular-fibrotic change became severe only in ADRtreated rats, and these histopathological abnormalities progressed in a time-dependent manner in the ADR-treated rats.
Renal ECM levels assessed by a microquantification method are also shown in Table 2 . In control rats, no signif- Fig. 3 , significant correlations were found between kidney type I collagen levels and sCr and BUN levels (r 2 =0.996 and 0.954, respectively) (P<0.001), but not uAlb, sAlb or sTC levels. These clinical biochemical parameters, sCr and BUN levels, showed significant correlations with the renal contents of type IV collagen (r (Fig. 4) . 
DISCUSSION
ADR caused various immunological and hemodynamic changes and induced chronic nephropathy [15] . The renal lesions induced by intravenous administration of ADR in rat kidneys were vacuolated changes in glomeruli at earlier stages, and either segmental or global sclerosis with tubulointerstitial changes at the progressed stage. The mechanism responsible for such renal pathological lesions induced by ADR administration remains unclear. However, several hypotheses regarding the pathogenic mechanism of ADR have been proposed. Lopez et al. [11] reported that ADR increased the lipoperoxide content but decreased the glutathione content in rat kidneys, and such oxidative stress causes tubulointerstitial lesions. Fernandez et al. [6] demonstrated that ADR-induced nephrotic syndrome is associated with marked decreases in expression of aquaporin-2, -3 and -4, and the vasopressin-regulated urea transporter in the renal inner medulla, and the ADR causes suppression of the capacity for water and urea absorption by the inner medullary collecting duct and the extracellular volume expansion observed in ADR-nephrotic syndrome. Tamaki et al. [19] showed that overexpression of activated form of transforming growth factor (TGF)-β1 might be related to glomerulosclerosis and interstitial fibrosis in ADR-nephropathy. Rats with ADR-induced nephropathy have been used to evaluate the therapeutic effects of many drugs. For example, captopril, an angiotensin converting enzyme inhibitor used for antihypertensive therapy, slowed down mesangial expansion and reduced the development of glomerular sclerosis in spontaneously hypertensive rats with ADR-induced nephropathy [8] , indicating that antihypertensive therapy delays the progression of chronic renal failure. Melatonin, a pineal indole, has antioxidative activity, and retinol palmitate, an antioxidative reagent, both showed a protective effect against the hyperlipidemic nephropathy induced by ADR in rats [11] , indicating that the antioxidative activity of these reagents neutralizes the damaging effect of ADR-induced free radicals in the kidney.
Earlier studies revealed that the most important histopathological feature of kidney diseases, fibrotic change, is caused by ECM accumulation in glomeruli and/or the tubulointerstitum [3, 7] . In the present study, we confirmed that such fibrotic changes progress in a time-dependent manner in the kidneys of ADR-treated rats. We examined what types of ECM components are accumulated in the kidneys in this model and determined the correlation between the histopathological and clinical biochemical characteristics of the renal lesions of ADR-treated rats. Major ECM components, both interstitial (type I collagen and fibronectin) and basement membrane (type IV collagen and laminin) components, were found to be markedly accumulated in the renal cortex of ADR-treated rats. As compared with before ADR treatment, the rats at 10 and 28 weeks after ADR treatment showed 3.07-fold and 11.58-fold increases in type I collagen levels, 2.86-fold and 9.91-fold increases in type IV collagen levels, 3.12-fold and 12.19-fold increases in fibronectin levels, and 3.18-fold and 10.44-fold increases in laminin levels, respectively. There are two possible mechanisms of such deposition of ECM in the ADR-treated kidneys; ECM in the kidney tissues may be overproduced, or ECM breakdown may be inhibited in ADR-treated rats. The active form of TGF-β1 up-regulates ECM production and down-regulates degradation of the ECM through its inhibitory effect on the matrix metalloproteinase that plays a key role in ECM degradation [18, [21] [22] [23] . Previously, we demonstrated that both possible mechanisms, i.e., acceleration of ECM synthesis and inhibition of ECM breakdown, are strongly related to TGF-β1 in the kidneys with nephropathy of ICGN mice, a novel animal model of hereditary nephrotic syndrome [12, 20, 22, 23] . As mentioned above, a progressive increase in TGF-β1 expression and activation in the renal cortex and glomeruli of ADR-treated rats was reported [19] , indicating that TGF-β1 promotes the pathological progression of renal fibrotic change characterized by ECM accumulation in ADR-treated rats. We demonstrated histopathologically that most glomerular mesangial cells in damaged glomeruli modulated into myofibroblast-like cells (immunopositive to α-smooth muscle actin; data not shown) in the kidneys of ADR-treated rats, and such modulation may be caused by increased TGF-β1. Thus, the pathogenetic process in the glomeruli of ADR-treated rat kidneys is presumed to be mediated by the increased levels of the active form of TGF-β1, which would induce mesangial cell transformation, and these activated mesangial cells would then overproduce ECMs. Tubulointerstitial fibrotic change was also found in ADR-treated rats. We presume that the tubulointerstitial cells were induced to differentiate into fibroblast-like cells by activated TGF-β1 in ADR-treated rats, and then the differentiated tubulointerstitial cells would synthesize and release excessive ECMs into the intercellular spaces between the renal tubules. Furthermore, severe albuminuria, hypoalbuminemia, hypercholesterolemia and disorders in other nephrotic parameters were observed in ADRtreated rats. There was a strong correlation between type I collagen level in the renal cortex assessed by a microquantification method, and sCr and BUN levels, but not uAlb, sAlb or sTC level. The sCr and BUN levels also showed strong correlations between the renal levels of type IV collagen, fibronectin and laminin, indicating that excessive ECM deposition in the kidneys of ADR-treated rats is directly correlated with loss of renal function.
In conclusion, the micromethod described here is sensitive enough to measure the contents of ECM proteins in small sections of kidney biopsy samples, and makes it possible to quantify the ECM levels in biopsy sections. This microquantification technique provides useful information for accurate diagnosis and prognosis of nephrotic lesions as well as for estimation of therapeutic efficacy of drugs. Further studies are currently in progress to assess the chronological changes in ECM levels in this experimental model of nephropathy and to quantify the ECM levels in the biopsy sections from other experimental models, irreversible glomerulosclerosis induced by repeated injections of anti-Thy 1.1. antibody and glomerular and tubulointerstitial fibrosis in the hereditary nephrotic model, ICGN mice.
